In herbivorous insects, host plant switching is commonly observed and plays an important role in their annual life cycle. However, much remains to be learned about seasonal host switching of various pestiferous arthropods under natural conditions. From 2006 until 2012, we assessed Apolygus lucorum (Meyer-Dür) host plant use in successive spring, summer and winter seasons at one single location (Langfang, China). Data were used to quantify changes in host plant breadth and host fidelity between seasons. Host fidelity of A. lucorum differed between seasons, with 87.9% of spring hosts also used in the summer and 36.1% of summer hosts used in winter. In contrast, as little as 25.6% host plant species were shared between winter and spring. Annual herbaceous plants are most often used for overwintering, while perennial woody plants are relatively important for initial population build-up in the spring. Our study contributes to an improved understanding of evolutionary interactions between A. lucorum and its host plants and lays the groundwork for the design of population management strategies for this important pest in myriad crops.
Introduction
Due to temporal and spatial variation in host plant availability, and specific nutrition and/or habitat requirements of insects, most phytophagous insects exploit multiple plant species [1] . Also, many herbivores exhibit notable temporal variation in host plant use [2, 3, 4] . For example, the cherry-oat aphid, Rhopalosiphum padi (L.) and the cotton aphid, Aphis gossypii Glover use woody host plants as primary hosts, and switch to herbaceous plants as secondary hosts in the summer [5] . Host switching can be even more pronounced, with the southern green stink bug Nezara viridula L. adults frequently moving from one plant species to another [6] . Hence, the life history of such herbivores is inherently tied to their seasonal pattern of host switching [7, 8] .
As plant species temporally and spatially differ in nutritional quality, host plant switching can remediate qualitative nutritional impediments associated with certain host species [9] and help meet the differing nutritional requirements of certain developmental stages of a particular insect [10] . This behavioral compensation has been demonstrated in many herbivorous insects [11] . Moreover, some insect species prefer certain allelochemicals, nutritional profiles or physical characteristics of host plants at a given point in time [12, 13] . By meeting specific nutritional demands or ensuring intake of certain phytochemicals, host plant switching can promote the survival and fecundity of multiple herbivorous insects [6, 14, 15, 16] .
In their exploitation of host plants, specialist herbivores exhibit high host fidelity (i.e., the tendency of a herbivore to use the same host plant species over time), whereas generalists show low fidelity [17] . Also, over the course of successive seasons, specialists only partially incorporate new plant species in their host repertoire and primarily use taxonomically, ecologically, or chemically similar plants [18, 19, 20, 21] . The degree of host fidelity is often tied to feeding habits of the herbivorous insects, with internal feeders (e.g., miners, borers) exhibiting high host fidelity, whereas leaf feeders more likely to expand their host range [22] . Notwithstanding intensive host switching, generalists often exhibit clear preference for certain plant species, plant families or plant growth forms [1, 23] . Despite an increasing amount of research on this topic, much remains unknown on host plant use and host switching in some common herbivores.
Mirid bugs (Hemiptera: Miridae) are found in natural and agricultural ecosystems throughout the world, and many of them are generalists, exhibiting diverse feeding habits or preferences (e.g., feeding on leaf, stem, inflorescences, nectar, pollen and fruit) [24] . Several mirid bugs, such as Lygus lineolaris (Palisot de Beauvois), frequently alter host plants and habitats to locate suitable food sources [25, 26, 27] . In China, the mirid bug Apolygus lucorum (Meyer-Dür) has become the primary pest of several key agricultural crops and fruit trees over the past decade [28, 29] . This species overwinters as eggs in plant tissues from October to April. Subsequently, with five generations per year, A. lucorum adults exploit a broad range of host plants, including crops, fruit trees and common weed species [30, 31] . To date, A. lucorum has been recorded on a total of 66 and 86 plant species during respective spring and winter seasons, and their host species greatly differed [32, 33] . Hence, we further determined the host plant range of A. lucorum in summer season. We hypothesized that polyphagous A. lucorum would exhibit host switching and have low host fidelity between seasons. However, the degree to which A. lucorum relies on certain plant species, families or growth forms (inc. herbaceous and woody plants) during successive seasons remains to be quantified.
In this study, we analyzed multi-year data on A. lucorum host plant use [32, 33] . Our research set out to detect seasonal patterns in A. lucorum exploitation of certain plant species, families or growth forms, and determine the degree of host fidelity and temporal changes in host breadth of this mirid bug. These findings will provide further insights into seasonal host plant use of polyphagous herbivores and contribute to the design of area-wide management tactics for this key pest in Chinese agro-landscapes [34, 35, 36] .
Materials and Methods

Ethics statement
No specific permits were required for the described field studies.
Field survey
Field surveys of A. lucorum host plant use were carried out from December to May 2006-2009 for winter hosts [32] , from April to June 2006-2010 for spring hosts [33] , and from July to September 2006-2012 for summer hosts. In order to standardize the sampling protocol across season, all assays were conducted at natural areas and agricultural fields (covering >500 ha.) around the Langfang Experiment Station of the Chinese Academy of Agricultural Sciences (CAAS) (116.4°E, 39.3°N), in Hebei Province, China. Each year, we sampled a broad range of common and widely-distributed plant species in study area, including agricultural crops, fruit and timber trees, pastures and weeds. Plant species were identified, using regional weed guides [34] or with the assistance of CAAS plant taxonomists. During each survey, the status (dead or alive) of all plant species was recorded. Plant species on which A. lucorum adults or nymphs were found were defined as 'host plants' of this species [27] .
For the survey of winter hosts, above-ground parts of different plant species were collected in late March and subsequently placed in a 3 m 2 screen-cage with about 10 horsebean plants (Vicia faba L.). Horsebean is an important host plant and suitable food source of A. lucorum [30, 31] .
Within each cage, we placed 1 m 2 plant material of one plant species; and each plant species had 1-5 cages per year, depending on the amount of plant material. From April to May, when A. lucorum over-wintering eggs hatch and emergent nymphs move to surrounding horsebean plants for feeding, we surveyed nymphal density on the plants within each cage, using a standard white pan beating method [38] . Emergent A. lucorum nymphs indirectly indicated presence of its overwintering eggs, which are too small to be counted with the naked eye [32] . For the survey of spring host plants, we examined different plant species using a standard white pan beating method from mid-April to mid-June. More specifically, entire specimens of most herbaceous plants or young branches of fruit and other trees were immediately shaken over a 40 x 26 x 11 cm white pan, and the number of dislodged A. lucorum individuals in the pan was recorded [33, 38] . To unequivocally record associations of A. lucorum with a given plant species, we only selected uniform patches or carefully picked single stems of a given plant species for sampling. Surveys were conducted every 3-5 days, and A. lucorum individuals were counted for each sample. As part of each sampling activity, the exact area covered by each sampled plant was recorded. For common plant species, 10-20 samples were randomly selected per survey date, and a single sample consisted of a total area of 2-5 m 2 , while for uncommon species, all plants at a given site were sampled. Sampling was repeated 11-16 times per year [33] .
For the survey of summer host plants, we used the above method to sample A. lucorum from July to September. A total of 3 sampling events (once per month) were conducted per year, with 10-20 random samples taken per plant species and event. During the successive seven summers, a total of 252 species of plants were sampled and each plant species was sampled for at least 2 years.
Statistical analysis
The average density of A. lucorum per plant species during each season was computed on a yearly basis, i.e., by dividing the total number of individuals on a given plant species by the total sample area covered by this respective plant. A. lucorum density was compared between different plant species using a two-way un-replicated ANOVA with year and plant species as fixed factors, if the data met normality and homogeneity of variance; otherwise, the data were analyzed using a non-parametric test (Friedman's test) instead. Its average density per plant group (i.e., host type, plant growth form) during each season was also computed on a yearly basis. The density of A. lucorum was compared between different plant groups using a one-way ANOVA with a Tukey test. A Chi-square test was performed to compare between-season host use ratio (i.e., the proportion of host plants in one given season that is also used as food plants in the subsequent season). All statistical analyses were performed using SAS [39] . identified as host plants of A. lucorum (Table 1) . Most important plant families were Asteraceae (40 species, accounting for 17.2% of the total), Fabaceae (30 species, 12.9%), Lamiaceae and Brassicaceae (13 species and 5.6% each), Rosaceae (11 species, 4.7%), and Poaceae and Solanaceae (10 species and 4.3% each). During the whole study period, no individual of A. lucorum was found on 19 plant species, including Amtirrhinum majus L., Anemarrhena asphodeloides Bunge, Atractylodes macrocephala Koidz., Carex rigescens (Franch.) V. Krecz, Cicer arietium L., Codonopsis pilosula (Franch.) Nannf., Echinochloa crusgalli (L.) Beauv., Eleusine indica (L.) Gaertn., Equisctum ramosissimum Desf., Ginkgo biloba L., Liquidambar formosana Hance, Pinellia pedatisecta Schott, Platycladus orientalis (L.) Franco, Polygala tenuifolia Willd., Setaria viridis (L.) Beauv., Syringa vulgaris L., Trigonella foenum-graecum L., Vaccaria segetalis (Necr.) Gracke., and Zanthoxylum bungeanum Maxim ( . Population densities of A. lucorum significantly differed between plant species (X 2 = 86.09, df = 18, P < 0.0001) (Fig. 1 ).
In the winter, A. lucorum eggs successfully hatched on 86 plant species, among which 16 weeds and fruit trees were considered as key overwintering hosts [32] .
In the spring, 66 plant species were found to be hosts of A. lucorum. Among these species, 6 hosts were identified as dominant host species due to their wide distribution and high population densities of A. lucorum [33] .
Between-season host fidelity
Host plant species. Over the course of a year, A. lucorum exhibited a highly variable host breadth, using 66 host plants in spring, 233 in summer and 86 in winter (Table 2) . Of the spring host plants, 87.9% (58/66 species) were also used as summer hosts, while 36.1% (84/233 species) of summer hosts were used for overwintering. Only 25.6% (22/86 species) of winter hosts also served as spring hosts. Host use ratios significantly differed between successive seasons (X 2 = 69.61, df = 2, P < 0.0001) (Fig. 2 ).
Natural plant death led to 58 (of 66) spring host plants being monitored during summer, and 134 (of 233) summer host plants monitored during the winter. Lastly, only 63 (of 86) winter hosts were alive during spring, of which 35 plant species were at seedling stage (Table 3) .
Plant growth forms. Among all different species of host plants, 149, 70 and 23 species were annual herbaceous plants, perennial herbaceous plants and perennial woody plants, respectively. The extent to which distinct plant growth forms were used as A. lucorum hosts was significantly different between successive seasons (herbaceous and woody plants: X 2 = 11.15, df = 2, P = 0.0038; annual and perennial plants: X 2 = 11.02, df = 2, P = 0.0041; three plant growth forms: X 2 = 14.58, df = 4, P = 0.0057). Annual herbaceous plants accounted for 47.0%, 61.4%
and 69.8% of all host plants in spring, summer and winter, respectively; perennial herbaceous plants being 28 .8%, 29.2% and 22.1%, and perennial woody plants occupying 24 .2%, 9.4% and 8.1% in the distinct seasons (Table 4) . Population levels. In spring, A. lucorum densities were significantly different between four categories of host plants, including Sp (host plants used only for spring), Sp-Su (for spring and summer), Sp-Su-Wi (for spring, summer and winter), and Wi-Sp (for winter and spring) (F = 12.20, df = 3,16, P = 0.0004). More specifically, seasonal density of A. lucorum on Wi-Sp during the spring was significantly higher than in the three other categories. In summer, its densities also significantly differed between the following plant categories: Sp-Su, Sp-Su-Wi, Su (only for summer) and Su-Wi (for summer and winter) (F = 37.80, df = 3,24, P < 0.0001). More so, A. lucorum density on Sp-Su-Wi and Su-Wi was significantly higher than on Sp-Su and Su. In Table 1 . Host plant species of Apolygus lucorum in the summer and other two seasons at Langfang (Hebei Province, Northern China).
Family
Plant species Plant growth forms Summer hosts winter hosts Spring hosts 
Host Range and Fidelity of Apolygus lucorum 
Note: Information on winter and spring host ranges is cited from documents [32, 33] . The signs " Table 5) . Among three different plant forms (e.g., annual herbaceous plants, perennial herbaceous plants and perennial woody plants), A. lucorum densities significantly differed in summer season (F = 25.42, df = 2,18, P < 0.0001), but not for spring (F = 2.47, df = 2,12, P = 0.1265) and winter (F = 0.05, df = 2,6, P = 0.9486). In summer, its densities on perennial herbaceous plants, annual herbaceous plants, and perennial woody plants significantly decreased in turn (Table 5) .
Over the course of a given year, A. lucorum overall density showed considerable variation, with the highest population levels recorded during summer and the lowest densities during Note: For family types, Sp-Su-Wi refers to families of host plants through spring, summer and winter seasons; Sp-Su, Su-Wi and Su are host plants in both spring and summer, in both summer and winter, and only in summer, respectively. For host types, Sp-Su-Wi refers to species of host plants through spring, summer and winter seasons; Sp-Su and Su-Wi are host plants in both spring and summer, and both summer and winter, respectively; Sp, Su and
Wi are those only in spring, in summer and in winter, respectively. For plant growth forms, Ah, Ph and Pw are the annual herbaceous plants, perennial herbaceous plants, and perennial woody plants, respectively.
winter. Among 21 year-round hosts, 7 species were found with relatively high A. lucorum population. On Artemisia annua, Artemisia argyi and Artemisia lavandulaefolia, A. lucorum attained high population densities in the summer and winter, and low density in the spring. Its population levels were high in the summer on H. scandens and M. sativa, whereas its density peaked in the winter on Vitis vinifera L. and Ziziphus jujuba Mill. (Fig. 3) .
Discussion
Host plant use and host switching play an important role in the evolutionary success of herbivorous insects [1, 40, 41] . To date, the host plant range of various mirid bugs has been determined, including Lygus hesperus Knight (110 species from 24 families) [42] , Lygus lineolaris Palisot de Beauvois (385 species, 55 families) [43] , Lygus rugulipennis Poppius (437 species, 57 families) [44] , and Pseudatomoscelis seriatus (Reuter) (169 species, 35 families) [45] ; and seasonal host switching has been documented for species, such as L. lineolaris [25, 26, 27] , and P. seriatus [45] . For example, in Texas (USA), Rapistrum rugosum L. Allioni and Ratibida columnifera (Nuttall) Wooton and Standley were primary weed hosts of L. lineolaris during the early season, Conyza canadensis L. Cronquist and Ambrosia trifida L. were primary weed hosts during the midseason and late-season, respectively. Sisymbrium irio L. and Lamium amplexicaule L. sustained L. lineolaris populations during the overwintering period [27] . This past Note: Differing letters indicate significant differences between one host type or plant growth form within one row (Tukey test, P < 0.05). Data within brackets show the number of sampling years (i.e., replications). The symbol "-" indicates no data. Data of A. lucorum density on each host plant in spring and winter seasons have been described earlier [32, 33] .
work further exemplifies the wide range of host plants and high frequency of host switching of certain species of herbivorous mirid bugs. In our study, we identified 233 species of summer host plants from 49 families for A. lucorum. Combining these data with literature records [31, 32, 33] , we found A. lucorum to be associated with 288 plant species in 54 families and noted important seasonal changes in its host plant range. Although the possibility of individual transfer between different plant species was not fully evaluated and limited sampling might lead to underestimate its host range, the results from this 7-year study definitely provide a comprehensive set of information on host plant range of A. lucorum, especially for identifying the dominant ones. This pattern of multiple-host plant use of A. lucorum may be one of the reasons why A. lucorum quickly attained pest status in several agricultural crops throughout China [29] . Host plant diversity and food quality have been identified as the major drivers of host switching in herbivorous insects [41, 46, 47] . Our work shows host switching in A. lucorum to be likely determined by seasonal density of the insect and local availability of its host plants. Possibly, high A. lucorum density during summer months could explain its broader host breadth in this season [25] . Despite the fact that many new plant species are incorporated in A. lucorum diet over summer (i.e., 112 exclusive summer hosts and 63 hosts for both summer and winter), its spring hosts appear to be largely employed during summer. Also, as little as 12.1% of its spring hosts (i.e., 8 of 66) get abandoned in summer due to their absence during that season. Similar food requirements of A. lucorum populations and identical host plant phenology may further explain similarities in host plant use between these two successive seasons [31] .
Host plant use showed certain differences between summer and fall/winter, with 149 summer plant species abandoned but only 2 new plant species incorporated in the A. lucorum winter host repertoire. Similar A. lucorum feeding requirements between summer and fall/winter may lead to high plant fidelity between seasons. However, especially for herbaceous annuals, plant senescence lead to 99 plant species being abandoned as hosts (Table 3) .
On the other hand, host plant use between winter and spring greatly differs, with only 25.6% of winter hosts used in spring. We suspect that winter hosts mainly act as refuge and (over-winter) oviposition sites for A. lucorum, while spring hosts are primarily selected as food sources for hatched nymphs [31] . The distinct ecological function of winter and spring hosts might explain low host plant fidelity between these seasons. Also, our results suggest that A. lucorum adults select winter plants mainly for their food quality in fall rather than as a food source in spring for their offspring. Hence, adult A. lucorum may be unable to forecast changes in phenology and food quality of fall-selected host plants [48, 49] . Female oviposition preference and offspring performance are often weakly linked [50] . Contrary to (perennial) woody plants, insects may have great difficulty to assess the quality of (annual) herbaceous plants, which usually changes drastically over time [50, 51] . During host switching, A. lucorum adults exhibit a strong preference for flowering host plants [52] , with adult host plant choice related to nymphal performance during spring, summer and fall seasons [53, 54] . As host plant choice and nymphal performance are poorly related between winter and spring, potential trade-offs of this drastic host switching await to be investigated. However, host plant choice during winter does not necessarily impede proper build-up of A. lucorum populations in spring, as newly hatched nymphs are often found feeding on other plant species in the vicinity of (dead) winter hosts during spring [32] . Such phenomenon is aided by the broad range of common plant species on which A. lucorum is found during spring season [33] .
Between different seasons, the ratio of host plant use among the two leading families (i.e., Asteraceae and Fabaceae) and three plant growth forms was similar. We suspect that high A. lucorum use of Asteraceae and Fabaceae is not necessarily related to specific feeding preferences, but rather to the species richness and wide distribution of both plant families in northern China [37] . Similarly, herbaceous plants are far more speciose than woody plants in Chinese agro-ecosystems.
A total of 21 plant species (6 species belonging to Asteraceae; 3 species for each of Chenopodiaceae, Fabaceae and Rosaceae) served as year-long hosts of A. lucorum, but its population levels on a given host greatly fluctuated over time. For example, A. lucorum eggs overwinter on Z. jujube and V. vinifera [29, 33, 55] , but population levels on these species greatly decreases in early summer (Fig. 3) . Possibly, the ecological function of these host plants in supporting population growth of A. lucorum varies between seasons [34, 56] . Other year-long host plants supported high population density in spring (Vicia faba L.), in summer (Helianthus annuus L., and Impatiens balsamina L.) or winter (Pyrus bretschneideri Rehd., and Malus domestica Borkh.). Additionally, the role of particular host plants/habitat patches on population dynamics of insect pests is greatly affected by landscape composition, (crop) management and other factors [34, 56] . For instance, safflower is generally considered to be an important source of L. hesperus in cotton, but high insecticide application can change it into a sink; alfalfa also is a primary host plant, however it can divert L. hesperus adults away from nearby cotton depending upon the management of the former plant species [36, 57] . Lu et al. [29] showed that cotton is the most important agricultural crop supporting mirid bugs in northern China during June. Before the adoption of Bt cotton, insecticide use turned cotton fields into a population sink. Presently, a notable reduction in insecticide use has led to cotton becoming a population source of this mirid species [29] . Hence, source and sink effects of various host plants and habitats on A. lucorum population dynamics need to be further investigated, especially at the landscape level.
Host breadth during spring and winter is relatively limited, and its spring density is low. This provides an opportunity for regional population suppression of A. lucorum [32, 33] . Spring hosts, such as Humulus scandens (Lour.) Merr.,Z. jujuba, and V. vinifera, could be central in devising ways to prevent rapid A. lucorum population buildup in summer [33] . Also, A. lucorum population levels on some plant species (e.g., V. radiata, R. communis) were much higher than on others (Fig. 3) , hinting at eventual host plant preferences. As olfaction plays an important role in A. lucorum host plant location [38, 58] , follow-up research could determine whether chemical communication also acts in A. lucorum choice of its preferred host species. Preferred host plants could then be used as trap crops or for incorporation in push-pull strategies [38, 59, 60, 61] .
In conclusion, our assessment of A. lucorum seasonal host plant use and host switching behavior helps elucidate the interaction between this polyphagous insect and its host plants, and improve our understanding of its meta-population dynamics in agricultural landscapes.
